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Abstract
Diesel engines exhibit better fuel economy and emit fewer greenhouse gases than
gasoline engines. Modern diesel technology has virtually eliminated carbon monoxide
and particulate emissions. Sulfur oxide emissions have been eliminate by the use of
ultra-low sulfur fuel. Nitrogen oxide (NO,) emissions are still not in line with up-
coming EPA regulations. NOsensors are required for all catalysts being developed
for reducing NO, emissions.
There are no commercial NO. sensors at this time. This thesis describes work
to develop a sensor based on molten alkali-carbonate salts. Preliminary results in a
simulated exhaust environment indicate high-temperature stability and sensitivity to
nitric oxide at 4.8 ppm levels. A method for the rapid investigation of electrolyte and
electrode materials has been developed.
Thesis Supervisor: Michael J. Cima
Title: Sumitomo Electric Industries Professor of Engineering
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Chapter 1
Introduction
The U.S. Environmental Protection Agency (EPA) has labelled the six most common
air pollutants as "criteria pollutants" because they affect all regions of the United
States. These pollutants are: lead, ozone, particulate matter, sulfur dioxide, car-
bon monoxide, and nitrogen dioxide. Automobiles contribute to all six of these
pollutants.[1] This thesis involves developing a new method of detecting nitrogen
oxides, often referred to as NO,. The primary use of a NO_ sensor is to control an
active catalyst that will eliminate the nitrogen oxides from the exhaust stream of
an automobile. The technology is targeted mainly towards diesel engines that emit
significantly more NO. than gasoline-powered ones.
Vehicles are the largest contributor to NO, emissions and are responsible for
approximately half of all NO, emissions in the United States. The EPA is phasing in
new NO. emission limits as part of a comprehensive effort to reduce air pollution.[1]
Manufacturers will need to develop new technologies to reduce NO. emissions if they
are to meet these requirements.
Diesel engines have one major advantage over gasoline engines: fuel efficiency.
They can also provide more torque, but this is a secondary benefit. The US market
penetration of diesel engines in 2005 was about 3%.[2] The low percentage is attributed
to the bad reputation earned during the 1970s and 1980s. Older diesel engines were
loud, slow, and dirty engines that bear almost no resemblance to the modern day ver-
sion. Manufacturers, however, are hopeful that consumers will reconsider purchasing
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a diesel as they seek out more fuel efficient vehicles. This hope is based on the fact
that diesel vehicle sales in Europe are closer to 50% of all vehicle sales and that num-
ber is expected to settle between 50-60% over the coming decade.[2] High fuel prices
are considered to be the main cause of such widespread adoption of diesel in Europe.
Rising fuel costs in the US are responsible for an increased interest in gasoline-electric
hybrids. Diesel engines can match hybrids in terms of fuel efficiency and some diesel
manufacturers are getting excited about the prospect of increasing the diesel market
in the US.[3]
Diesel engines are very close to meeting the upcoming regulations, and will most
likely see increased use as fuel-cell technologies come onto the market. Particulate
matter and carbon monoxide emissions have been reduced by altering engine op-
eration, and fuel with low sulfur content reduces sulfur oxide emissions. Nitrogen
oxide emissions need to be removed by actively controlled catalysts that will require
feedback control. NO, sensors are a critical component of such a system.
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Chapter 2
Background
The control of pollution emissions from diesel vehicles is a top priority for the EPA and
stricter rules are forcing manufcaturers to limit automobile pollution emissions from
vehicles. [1, 4] Emission of most pollutants have been reduced, but no production-
ready solution exists for controlling NO. emissions. Diesel fuel contains 10% more
energy than gasoline by volume and the diesel engine is inherently more efficient than
the gasoline engine. [5] These two factors combined result in diesels emitting fewer
greenhouse gas emissions. The fuel is ignited under high pressure in lean conditions.
The excess oxygen content ensures low particulate and CO emissions. No current
diesel vehicle will meet the 2007 regulations without a NO, reduction system.
2.1 NO, emissions
Nitric oxide is formed when oxygen reacts with nitrogen. The reaction is favored by
elevated temperatures. [5] Lightning, gas stoves and internal combustion engines all
produce nitric oxide in varying amounts. Motor vehicles contribute almost half of all
US NO. emissions.[6]
Diesel engines are compression-ignition engines unlike gasoline engines that use
an electric arc inside the piston to ignite the fuel. The diesel fuel is injected into
the piston as a fine mist. The air-fuel mixture is pressurized until the temperature
becomes high enough for it to self-ignite. This process usually requires an excess
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concentration of oxygen to ensure complete combustion. The ignition temperature of
the fuel is much higher than in a spark-ignition engine. The combination of excess
oxygen and high temperature favors the formation of NO,. [5]
Gasoline engines generate some NO,, that can easily be removed from the exhaust
stream using a three-way Pt-Rd-Pd catalyst. The air-fuel ratio is maintained close
to stoichiometry by using a A-oxygen sensor. Lambda, A, is a measure of the air to
fuel ratio defined as follows:
A/ F
A/Fstoic
where A/F is the air to fuel ratio, and A/Fr0 ic is the air to fuel ratio at stoichiometry.
It follows that A = 1 represents operating the engine at the stoichiometric air to fuel
ratio. Diesel engines typically operate such that 1.2 < A < 1.6, that is lean conditions
with excess oxygen.
Gasoline engines operate close to stoichiometry such that the overall emissions of
NOX, CO, carbon, and unburned hydrocarbons are minimized. The only oxidizing
component of the exhaust stream is NO in an otherwise reducing environment. A
three-way catalyst can thus reduce NOx while oxidizing the remaining components.
The three-way catalyst cannot be used successfully in a diesel engine because of
the excess oxygen in the exhaust stream. The oxygen, while virtually eliminating the
other pollutants, inhibits the reduction of NOx into N2 and 02 and so a method of
selectively reducing the NOx is needed.
Most NO. is in the form of NO in the exhaust stream, but oxidizes to form NO 2
when released into the atmosphere; it is for this reason that the EPA monitors NO 2
in the atmosphere. Nitrogen oxides in the atmosphere pose several threats to the en-
vironment and to public health. They are greenhouse gases similar to carbon dioxide
and can also cause respiratory illnesses. A photo-catalysed reaction between NOX and
volatile organic compounds (VOC) forms tropospheric ozone, more commonly known
as smog. [6] The NO. acts as a catalyst that breaks VOCs into smaller molecules and
produces ozone. The smaller organic compounds can be broken furher and so many
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NOx reduction catalyst
FROM ENGINE - -.0
NOx sensors
Figure 2-1: Diagram showing the position of two NO. sensors on either side of a NO.
reduction catalyst
ozone molecules are formed from each hydrocarbon, while the NO concentration in
the air remains unchanged.
2.2 Catalysis in Diesel engines
There are currently two catalytic approaches to selectively reducing NO,. Both meth-
ods are actively controlled and require two NO. sensors, one on either side of the
catalyst. The difference between the NO, concentration before and after tha catalyst
indicate the current state of the catalyst. The arrangement is shown in Figure 2-1.
The difference between the two signals can be used to determine the state of the
catalyst.
The first catalyst is a NO_ storage and reduction (NSR) catalyst. A common
format is Pt/Ba/A120 3 , but other compounds, including barium carbonates, have
been used. The platinum catalyst oxidizes the nitric oxide forming nitrogen dioxide,
NO 2 , which reacts with the catalyst. Barium nitrate is formed in place of the barium
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oxide, effectively storing the NO. within the catalyst. The engine briefly runs in fuel-
rich mode when the catalyst is saturated. A reducing exhaust environment is created
that consists of CO, and unburned hydrocarbons. These react with the barium nitrate
releasing the stored NO, and restoring the catalyst to its previous state. The NO,
can now be reduced in the absence of oxygen. The catalyst has been regenerated and
the engine is returned to lean mode. Typically the bursts of fuel-rich mode are much
shorter than the time run in lean mode. There is a slight loss in fuel economy, but
this is outweighed by the much lower NO_ emission levels. [7, 8] The NO- sensors are
used to detect the saturation level of the NSR catalyst and to control the switching
between lean and fuel-rich modes.
The second method is known as Selective Catalytic Reduction (SCR) and requires
an additive such as urea, ammonia or a hydrocarbon. The additive is injected into the
exhaust stream and interacts mostly with the nitric oxide. It was found that nitrogen
based additives, such as ammonia, work best. A controlled amount of the reducing
agent is injected into the exhaust stream and reacts with the nitric oxide to release
oxygen and nitrogen. This method has proven very effective at removing NO- from
the exhaust stream, but it would require a separate on-board storage tank for the
additive. Furthermore, a network for distributing urea or ammonia would be needed.
Using the fuel as the additive would eliminate the need for an additional substance,
but this is not as effective. Sensor feedback is required to control the amount of the
additive to be injected into the exhaust stream.[9]
2.3 Regulations
Various regulations have been put in place to control pollution emissions from ve-
hicles, but it is a new round of regulations being introduced by the EPA that has
manufacturers scrambling to reduce NO, emissions even further. The so-called Tier 2
regulations come into full effect in 2007. Most gasoline engines will meet the specifica-
tions with only slight modification, whereas diesel engines will require active control
systems to bring NO, emissions in line with the limits.
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2.4 Why Diesel?
Seen as the new regulations will easily be met by most gasoline engines, one might ask
why there is still such an interest in producing diesel vehicles. The answer is in fuel
economy. Demand for more fuel efficient vehicles has been rising steadily with fuel
prices. Diesel fuel contains about 10% more energy per unit volume than gasoline,
and the diesel engine is inherently more efficient. Consequently, diesel vehicles could
provide a cost-effective solution to rising energy costs.
Demand for gasoline-electric hybrids has increased dramatically since Toyota first
introduced the Prius several years ago. Surprisingly, the miles-per-gallon rating of a
diesel vehicle is comparable to that of a gasoline-electric hybrid. According to the
2006 Fuel Economy Guide published by the US Department of Energy, the Honda
Accord hybrid with a 3.0 L, six-cylinder engine is rated at 25 miles per gallon (mpg)
in the city, and 34 mpg on the highway. The diesel-powered 3.2 L Mercedes E320
CDI is rated at 27 mpg in city and 37 mpg on the highway. The other midsize vehicle
is the Toyota Prius - it is rated at 60 mpg in city and 51 mpg on the highway,
but has a 4 cylinder 1.5 L engine. [10] The big difference between the E320 CDI
and the Accord Hybrid is the pollution emission score. Rated on a scale of 0 to 10,
where 10 is the best, the Accord Hybrid earned a 9 compared to the E320 CDI score
of 1. The website for the E320 CDI states that the advanced diesel engine emits
fewer greenhouse gas emissions. The fine print, however, states that the vehicle is
not available in California, Massachusetts, Maine, Vermont and New York because it
does not meet the emission standards set by those states.[11]
2.5 State of the art in NO, sensing
Current NO. sensing technology is based on the YSZ oxygen sensor. This sensor
uses an yttrium-stabilized zirconia (YSZ) crystal as an oxygen pump. A potential
across the crystal moves oxygen ions through it giving rise to a current. The current
measured is related to the difference in oxygen concentration between the two sides
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of the YSZ crystal. Similarly, by fixing the current through the YSZ crystal, the
potential is governed by the Nernst relation.
Two such sensors were used in series to create a NO, sensor. Investigators placed
two such oxygen sensors on either side of a hollow chamber. The first YSZ crystal is
used to maintain a constant oxygen concentration in the chamber. A platinum cata-
lyst placed closer to the second crystal reduced the nitric oxide to nitrogen and oxygen.
The additional oxygen is pumped through the second YSZ crystal and detected. The
NO concentration can thus be inferred from the additional oxygen available near the
inner crystal. [12]
This NO, sensor has the advantage of being able to simultaneously measure both
NO and oxygen concentrations. However, it requires its own control system to main-
tain a constant oxygen partial pressure in the inner chamber. The NO concentration
is very low and consequently the signal is on the order of nanoamperes and requires
sensitive electronics for the readout. The multi-layered structure is very costly to
build, but as it is the closest NO, sensor to market it will most likely be used exten-
sively over the coming years.
Other methods, such as tungsten oxide based thin film sensors, and sodium ion
conductors, are not suitable for use in the exhaust system because they cannot op-
erate above 3000 C. Their main application is for room-temperature environmental
monitoring of NO, concentrations. [13, 14, 15]
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Chapter 3
Experimental Methods
The first stage of the project was to develop a platform on which different materials
could be studied. There are three main components to an electrochemical system: the
electrodes, the electrolyte and the substrate. Other parameters that are important
for a gas sensor include the dependence on gas flow rates, electrolyte temperature
and the presence of other gases.
The electrodes must provide current through the electrolyte and so must be elec-
trically conductive, stable at the operating temperature and should not interact chem-
ically with the electrolyte.
The substrate should be able to support the liquid electrolyte without reacting
with it or any of the exhaust species. The chemical composition of the substrate will
be tailored depending on the chosen electrolyte.
The composition of the electrolyte is the most important factor in determining the
performance of a sensor. The composition affects the melting point, the diffusivity
of gases, the selectivity over the other gases present and the relative stability of the
melt. The electrolyte should be stable under the engine operating conditions and
show a strong response to the gas of interest while showing very little response to
other gases present in the exhaust stream.
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3.1 Materials Selection
3.1.1 Electrolyte
Molten carbonates are used in fuel cell systems, such as the systems built by FuelCell
Energy, Inc. of Danbury, CT. The fuel cells convert hydrocarbon based fuels into
electricity avoiding the intermediary combustion step. The company has produced
several large systems that have been deployed across the world. They exhibit long
term stability, in excess of five years.
Solid barium-carbonate is used to collect NO from exhaust gases. These uses
suggest a possible use in a NOx sensing device.
The eutectic composition of the Li 2CO 3 -Na 2 CO 3--K 2 CO 3 system was chosen as a
starting point for investigation because of its low melting point of 3920 C. The eutectic
composition is 32.5 % Li 2 CO 3 , 31.5 % Na 2 CO 3, and 36.0 % K2 CO3 by weight.[16}
This composition was used for all of the tests, but future work will necessarily re-
quire different compositions to be studied. Other additives should also be considered.
3.1.2 Support material
The options for substrate materials for supporting molten carbonates are very limited.
Lithium aluminate LiAlO 2 is very stable and can be used to make a porous matrix
for supporting the liquid. Alumina, A120 3 , can be used if pretreated with lithium
carbonate to form a protective layer of lithium aluminate at the surface that prevents
further reaction between the alumina and the melt. Non-porous alumina would react
completely and cannot be used as a support.[16]
The initial stages of investigation were focused on the reaction between the molten
carbonate and the nitric oxide gas. The suitability of the substrate would need to
be evaluated each time a new component was added to the melt. The substrate was
eliminated entirely to avoid any interference with the results and to avoid the need
for evaluating the substrate material at each iteration.
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3.1.3 Electrode material
The initial experiments were performed using platinum electrodes and a silica sub-
strate. Both platinum and glass were found to corrode in the presence of molten salts,
as later confirmed in the literature.[16] Gold electrodes were used thereon out. The
geometry of the electrodes was modified to provide support for the molten electrolyte.
3.2 Experimental setup
The experiments were performed in a quartz tube. Three manual gas-flow regulators
controlled the flow of nitrogen, nitric oxide (200 ppm NO in N 2 balance) and carbon
dioxide through the tube. The first experiments were performed in a clam-shell
furnace that surrounded the tube. A thermocouple and PI controller maintained a
constant temperature throughout the experiment.
3.2.1 Pin-cup experiment
The first attempt to eliminate the substrate involved using the apparatus shown in
Figure 3-2. A photograph of the prototype is shown in Figure 3-1. Lithium aluminate
powder was need to to hold the liquid inside the cup. The entire device measured 20
mm in height. The wire diameter is 0.813mm and the cup was made by drilling a
small bore in a gold slug.
3.2.2 Double wire electrode
The liquid was then suspended by surface forces between two gold wires as shown in
Figure 3-3 below. This system worked well in holding the liquid and had the advantage
that as the powder melted it would be held into the region where the electrodes are
closest to each other. The geometry of the liquid was difficult to control and the
precise amount of salt could not be measured easily.
The ability to visually inspect the experiment was necessary during the develop-
ment of the electrode geometry. The heating element was built around the electrodes
18
Wire feed-throughs
Gold wire
Gold cup
Stainless Steel
Figure 3-1: Photograph of the wire-in-cup electrode experiment. The liquid was held
inside the cup with lithium aluminate powder. The carbonate without the support
would escape out of the cup.
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Gold wire
Alumina tube
Molten carbonate
with LiAlO 2 powder
.- Gold cup
-Stainless Steel
Figure 3-2: Wire-in-cup electrode experiment. The liquid was held inside the cup
with lithium aluminate powder. The carbonate without the support would escape
out of the cup.
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Figure 3-3: Gold-wire electrode experiment. Surface forces hold the molten carbonate
between two gold electrodes.
inside the quartz tube. The tube was 12.5 mm in diameter. The one wire electrode
was connected to a micrometer gauge outside of the tube and could be moved back
and forth as needed.
The two heaters for the left and right electrode were connected in series. It was
observed that one side had cooled sufficiently for partial solidification to occur. Future
designs would require independently controlled heaters on each electrode.
3.2.3 Current design approach
The single axis two-pin design, shown in Figure 3-4, is currently under development.
The design consists of two gold electrodes of 0.823 mm diameter with higly polished
ends. The liquid is supported by surface forces and so the geometry can be accurately
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Figure 3-4: Single-axis two pin design. The liquid is held between the two polished
electrodes by surface forces.
controlled. The distance between the electrodes can be adjusted using a micrometer
stage connected to the one electrode. Each electrode has an independent thermocou-
ple and heater to ensure that each one is at the same temperature.
A separation distance of 1 mm would result in a melt volume of approximately
500 pL.
3.3 Excitation and data collection
3.3.1 Current source
Both alternating and direct current measurements could be made on the same appa-
ratus. The DC source was a voltage-controlled current source based on the AMPO2
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instrumentation amplifier by Analog Devices.
The AC measurements were performed using a Stanford Research Systems lock-in
amplifier model SR530. The instrument's internal oscillator was used as a 1 V AC
excitation voltage source over a frequency range 0.5 Hz to 100 kHz. A 10 MQ metal
film resistor in series with the sensor ensured a constant current of 0.1 PA through
the electrolyte. A 1Q ± 0.1% thin film resistor was placed in series to monitor the
current flow.
3.3.2 Data collection
A schematic of the data collection scheme is shown in Figure 3-5. The lock-in amplifier
outputs were set to give the real and imaginary parts of the voltage. The sample rate
was typically 100 Hz, much higher than the lock-in cut-off frequency of 0.3 Hz to 10
Hz. The data was sampled using a National Instruments Data Acquisition Card and
recorded by a custom program written in the LabView programming environment.
The impedance was calculated by the software and recorded to a binary data file.
Saved with these data were the gas flow rates and operating temperature. A header
file containing the operating parameters and time-stamped events was created along
side the binary data file.
The dynamic range of the SR530 was controlled through the GPIB interface. The
built-in voltage controlled oscillator was controlled using the analog output of the
data acquisition card.
3.3.3 Video
The system was modified to allow for the experiment to be monitored visually. A
CCD camera was set up to concurrently record the entire experiment from melting
to cooling. The ability to monitor the experiment proved useful in troubleshooting
the development and in explaining curious phenomena in the impedance data. Still
pictures from a video of the melting of powdered carbonate are shown in Figure 3-6.
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Figure 3-5: Data collection set up. The lock-in amplifier's built-in voltage controlled
oscillator provides the excitation current for the experiment and analyses the response.
Figure 3-6: Melting powdered carbonate. Surface forces hold the molten salt between
the electrodes.
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Chapter 4
Results
The ultimate aim of this project is to develop a high-temperature nitric oxide sensor.
The results gathered to date show that molten alkali-carbonates can be used as the
sensing agent for detecting NO,. Furthermore, the test apparatus evolved over the
course of the experiments into a system that can be used to investigate the reaction
between a molted electrolyte and a gas in the absense of interactions with a substrate.
4.1 Response to NO,
The reaction to NO, was evident in the first test using platinum electrodes on a
borosilicate glass substrate. The alkali-carbonates react with silica and platinum,
rendering the sensor stable for only a few minutes.
The use of gold electrodes and 15% carbon dioxide in the gas stream stabilized
the carbonate melt. The value is close to expected CO 2 levels in the exhaust stream
and correspond to the concentration required to prevent the decomposition of the
carbonate. [16] An experiment on the double wire apparatus ran for six consecutive
days and was abandoned only because the N2 supply was exhausted.
Figure 4-1 shows a reaction to 4.8 ppm NO. The lower limit for our experiments is
limited by the incoming gas concentration and not by the sensitivity of the carbonate.
25
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Time (s)
16000 17000
Figure 4-1: Magnitude of the impedance of the molten carbonate when exposed to
nitric oxide at 4.8 ppm. The two-part nature of the response suggests two mechanisms
acting concurrently. Further investigation could help isolate the faster reaction. The
response was recorded using the double wire-electrode device. The excitation current
was a 325 Hz sinusoid.
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4.2 Impedance Spectrometry
The lock-in amplifier can be used as a simple impedance spectrometer. Impedance
spectra were obtained using the pin-cup configuration. The NO concentration was
changed and the frequency was swept over the range 100 kHz - 0.5 Hz once the
impedance had reached a steady value.
The results of this test are shown in Figure 4-2. The concentration was varied
from 0 ppm to 10 ppm and back, twice. The concentration was then increased to
100 ppm. The reaction to low concentrations of NO is seen to be reversible. The
impedance at 10 ppm NO (half filled symbols) is consistently below the impedance
at 0 ppm NO (empty symbols). The response to 100 ppm NO was greater than that
to 10ppm. The data suggest that the reaction is taking place in the bulk material
and not at the electrode, but further investigation is required to fully determine this.
The lower frequencies show a larger change in impedance.
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Figure 4-2: Impedance spectrum of the molten carbonate measured using the wire-
cup experiment. The nitric oxide concentration was changed from 0 ppm - 10 ppm -
0 ppm - 10 ppm - 0 ppm - 100 ppm in the order A-F. At the lower frequencies a large
change in impedance is noticed. This change is reversible.
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Chapter 5
Discussion
The use of molten carbonates as a NO, sensing element has been demonstrated. The
approach provides a means of creating a simple, low-cost sensor that outperformes
the current oxygen sensor-based nitric oxide sensors available on the market. Fur-
thermore, a platform for the rapid and systematic investigation of electrolyte and
electrode materials has been proposed and implemented.
Initial results suggest that there is significant value in pursuing this approach and
in building a prototype sensor based on this principle. The sensor will most likely
consist of a porous lithium aluminate matrix to support the molten salt, with pattern
gold electrodes. An embedded heater will keep the salt in the molten state allowing
for continuous measurement of NOx emissions regardless of the temperature of the
exhaust gas. This will be important because the temperature of the exhaust gas
varies considerably in the diesel engine.
The second stage is to establish the chemical reactions involved and to begin
measuring the cross-sensitivity to other gases. The composition of the melt can be
adjusted to increase the sensitivity to nitric oxide over the other gases in the exhaust
stream.
The first application of a NO_ sensor will be in a control system that enables diesel
engines to meet pollution emission regulations. The development of a diesel-electric
hybrid vehicle will require a NO, catalyst that can cope with the the continuous
starting and stopping of the engine. The exhaust gas temperature will vary over a
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larger range and the catalyst and sensor will need to respond over that range.
The long term solution to pollution is considered to be the hydrogen fuel cell
engine. This technology is still quite far from when mass production of fuel-cell
vehicles can begin. The development of the necessary technology is only part of
the challenge. A hydrogen production and distribution network will be required
and people will need to be trained to use the new equipment. Diesel provides a
short- to medium-term solution. The distribution infrastructure already exists and
no behavioral change is needed. Many diesel vehicles can be modified to run on
biodiesel or ethanol blends. These renewable energy sources promise lower sulfur
emissions, but do increase NO. emissions. NO. control systems, employing NO,
systems, will thus be useful even if the industry moves away from petroleum based
diesel fuel.
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